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1. INTRODUCTION

This report is written to cover a number of research areas

investigated during the tenure of the grant. We examined co-oxidative

phenomena directly with co-substrates present and also some major enzymes

responsible for the bioconversion of recalcitrant molecules in nature into

molecules more amenable to biodegradation. The enzymes studied were a

dioxygenase in a common soil organism, Azotobacter vinelandii, and the

amine dehydrogenase system in Pseudomonas putida.

We have found that a number of commensalistic relationships exist

among the thermophilic microorganisms that inhabit hot springs. One such

relationship between a hydrocarbon utilizing organism and a more fastidious

non-hydrocarbon utilizing organism was studied in detail. Although the

thermophile work led to studies with axenic cultures not directly related

to co-oxidation and commensalism, those isolated are from a significant

group of organisms in nature responsible for the biodegradation of relatively

recalcitrant hydrocarbon molecules. Consequently a brief outline of results

with these organisms is included.

Publications are listed in the report and some research initiated

during the grant period, particularly on the co-oxidation of terpenes and

polychlorinated biphenyls (PCB), is not sufficiently complete that legitimate

titles for future publications can be presented. It is of interest, however,

that the ARO funds provided the impetus for further research on PCB's, a

major environmental contaminant. We have already submitted grant requests

to other agencies based on this work.



II. EXPERIMENTAL RESULTS AND DISCUSSION

a. Cooxidation and commensalism. Cooxidation can be defined as a process

whereby a co-substrate is incidentally oxidized by an organism during growing

on another substrates. It was originally observed in Jackson W. Foster's

laboratory [E. R. Leadbetter and J. W. Foster (1960), Arch. Microbiol. 35:

92-104] and described as follows: "non-growth hydrocarbons are oxidized when

present as co-substrates in a medium in which one or more different hydro-

carbons are furnished for growth. Employing this principle with Pseudomonas

methanica growing at the expense of methane, a series of homologous oxidation

products was obtained from co-substrate gases: from ethane, ethanol,

acetaldehyde and acetic acid were produced; from propane, n-propanol, propionic

acid, and acetone; from n-butane, n-butanol, n-butyric acid, and 2-butanone."

[J. W. Foster (1962). p. 247. In, 0. Hayaishi (ed.), Oxygenases, Academic

Press, New York.] Since the original observation and description of the

cooxidative process, a number of studies have been conducted and those related

to hydrocarbon metabolism, either with hydrocarbon as substrate or as co-

substrate were the subject of a recent review [J. J. Perry (1979). Microbial

cooxidations involving hydrocarbons. Microbiological Reviews 43:59-72).

In the course of studies on hydrocarbon we found, as did others, that

unsubstituted cycloalkanes were not utilized by microorganisms isolated from

soil. Further such organisms could not be isolated by enrichment. A typical

pattern of utilization of cyclic alkanes by stock cultures is as follows:
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This pattern is typical of results obtained in enrichment culture with

a variety of soils and conditions. The capacity for cycloalkanone utilization

is rather widespread although some organisms that grow on the cycloalkanones

(CY-6) cannot utilize saturated hydrocarbons.

The mineralization of cycloalkanes by soil microflora or by mixed

cultures of organisms isolated from soil was readily demonstrated. Addition

of [U 14C]-cyclohexane to a combination of several hydrocarbon utilizing

organisms with a cycloalkanone utilizing organism and n-hexadecane as

co-substrate significantly enhanced the rate at which radiolabelled cyclo-

hexane was mineralized. Typ±-al results were:

14C2recovered

Co-substrate (C.P.M.)

Glucose 73

n-hexadecane 1758

no addition 28
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The addition of an inducer for the molecular oxvgenase which would

met a' oli t (k'00 idi -,) the, cv, cohexane to c c Oh, \M011c wol d V \I I in th,

above marked effect. We also tound that, although c\'c tohvxane ut ilii.

were not isolatable from soil, U- 14C] cyclohexane was litodegraded in a rich
14 14

soil as observed by the evolution of CO, from a mixture of soil + II' 4C-)

cyclohexane and rich marine mud:

40
30-
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Imcubeiom ime (days)

The addition of n-hexadecane or other Inducers of molecular oxvgelastis

significantly enhanced the rate of CO. evolution in this system. These

results indicate that the biodegradation of rect lcitrnt molecules in nature

may well be it result of two processes - (1) cooxidat ion of the recalcItrrant

molecule to a product that is more am.nable to attack by other organisms, and

(2) a covwensaltstic reaction where the product of cooxidation(s), by the

concerted oxidative attack of one or more organisms, is mineralized to CO, and

serves as growth substrate thus returning the constituent parts of the molecule

to the form of living cells.

_1I
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b. Biodegradation of malathion. Malathion is an eff\,ctive insecticide and

one of the top 10 compounds utilized for these purposes in the U.S. Studies

were conducted on the effect of co-substrates on the rate at which malathion

was degraded in soils from Core Creek in eastern North Carolina and in soil

from a tobacco field in Wake County. Radioactive ( 14C-carbon) pesticide was

obtained and the structure with the site of labelling is as follows:

S

CH3 - 0 - P - S - CH - CI C2H5

OCH 3  CH2 - C O..0 - C2H5

The rate of mineralization of malathion was estimated by measuring the rate

that 14CO2 was released from a mi- lre of soil and C l-malathion in suspension.

Since the label was in the 2-3 carbons of the maleate group, one can assume

that total biodegradation of the molecule may well occur if these carbons are
14C0

metabolized to .CO2  The suspension was continuously mixed and a gentle

stream of CO2-free air was passed over the surface. The effluent air was

bubbled through a saturated solution of barium hydroxide to trap evolved CO2.

Co-substrates were added to the soil-malathion suspensions to determine

whether any would be effective in accelerating the rate that the pesticide

would be degraded. Control flasks indicated that malathion was stable under

the conditions of the experimentation and traps for volatile organic compounds

were not necessary.

The evolution profile of 14CO2 from tobacco field soil samples in the

presence of radiolabelled malathion and unlabelled co-substrates was as

follows:

, . .
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6lucose and glycerol were little better than tihe sampllIe without added

inducer. Pancreatic digest ot casein (CASEIN 11) and glyceraldehyde-3-

phosphate (GLY-P) were not effective in increasing the rate at which the

malathion was biodegraded. Other results idicate that acetate, succn ate.

pyruvate anti citrate are not effective as co-substrites lot mlathion

oxidation in these soils. This would suggest that a source ot utilizable

energy is not the limiting reaction in the biodegridation but a specific

induction of enzyme(s) is a prerequisite.

These same co-substrates were tested for effectiveness in the oxidation

of radiolabelled DDT, dieldrin and lindane in both the tobacco field soil

and tile Core Creek soil. An incubation period tip to six days did not result

in any release of 14CO., from these recalcitrant molecules. We did find.

however, that lindane is biodegraded readily in other soil samples.

At tile present time we cannot speculate on the pathwa t(s) by which

malathion is degraded in the two soil types selected, but it is evident that

induction of the oxidative pathway utilized in hydrocarbon oxidation is

involved in some manner. The results do support the supposition that the

rate at which a recalcitrant molecule will be mineralized in the environment

is not solely dependent on the presence of specific organisms but also is

dependent on the presence of selected compounds that can induce the synthesis

of enzymes necessary for biodegradation.

c. Propylene utilization. During studies on the utilization of propane and

related substrates, we noted that propylene was oxidized by most organisms

capable of growth on propane but none could grow with propylene as sole source

of carbon and energy. Attempts to isolate organisms by enrichment with

propylene as substrate were unsuccessful but often a mixed population grew in

L_... .



the enrichment composed of at least two distintly di erent organisms. None

of the organisms would utilize propylene after Isolation in axentc culture

nor could they be recombined to utilize propylene after isolation to single

colonies by streaking.

After many attempts we did isolate an oryisin in dxetlIL cu ltture that

would utilize propylene as sole source of carbon and nelrgy. A selecte d mixed

culture and the pure culture were compared for the metabolic route involved in

propylene utilization. We ;.lso solved the problem of the inability of propane

utilizing organisms to utilize propylene as growth substrate even though they

could readily oxidize it after growth on propane.

The oxidation of various sutbstrates in a Warburg experiment by Mvcobacterium

convolutum following growth on propane are:

Substrate

Propane )b

Propylene s1

I-propanol 02

Prop ionate b

Acetone 148

Microliters 0., taken up per
milligram cells per hour.

Gas chromatographic examination of the contents of the flask containing

propylene were made by converting any organic acids present to the butyl

ester and analyses revealed that acrylic acid was produced. The presence of

acrylate was confirmed by hydrogenation of the butyl ester and rechromatographic

analysis. There was a loss of the acrylate peak with a concomitant appearance

of a peak corresponding to propionic acid. Addition of propylene along with

propane as growth substrate for M. convolutum did not result in growth. Gas

chromatographic analysis indicated that traces of acrylic acid were produced

i -
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by cooxidation and this inhibited growth of the organism. Results from other

laboratories have clearly shown that acrylate is an effective inhibitor of

fatty acid oxidation.

One problem with studies of propylene oxidation in mixed culture and in

axenic culture is in maintaining a sufficient concentration of substrate

without getting to a toxic level. An initial concentration of propylene in

the enrichment flask not exceeding 1% of the atmosphere was best, and it was

necessary to regas the flask after 3-4 days. The mixed culture was examined

for the presence of isocitrate lyase following growth on several substrates

with the following result.

Growth Substrate Specific Activity*

Propylene 1.8

Acetate 0.7

Succinate 0

Propionate 0

Pyruvate 0

Units per milligram of protein in which
1 unit is the amount of enzyme necessary
for the cleavage of 1 micromole of
isocitrate in 10 min at 30C.

These results suggest that propylene is not oxidized to the pyruvate

level, by the mixed culture, before cleavage to a C2+Cl , The C2 would then

serve as an inducer for isocitrate lyase. Trapping experiments with arsenite

to block further metabolism of any pyruvate formed from [-14 C] propylene

(non-proliferating cell experiments) also indicated that propylene was not

metabolized through pyruvate as the pyruvate formed did not contain

significant amounts of radioactivity.

The indispensable role that each of the member microorganisms in the

mixed culture might play is not evident at this time. This is an apparent

case of cooxidation and commensalism and the organism that metabolizes the
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propylene may get a growth factor from the second organism or one of the

organisms may remove a toxic product of propylene oxidation. Others have

reported that mixed cultures are often involved in methane oxidation and

assimilation. In the best described mixed culture system for methane

oxidation, one organism oxidizes methane to methanol in excessive amounts,

a second is an effective scavenger of the excess methanol and a third organism

produces B vitamin(s) required by the others. The interdependence of the two

organisms in the mixed culture that utilizes propylene may be analogous to

this system in that one alleviates toxicity of a primary oxidation product

allowing both to survive.

The major difference between the mixed culture system and the axenic

culture (strain PL-I) was in the way in which propionic acid was utilized.

The mixed culture utilized propionate via carboxylation to methyl malonic

acid, isomerization to succinate and hence through the tricarboxylic acid

cycle. A determination of the isocitrate lyase levels in strain PL-l after

growth on various substrates were:

Growth Substrate Specific Activity

Acetate 1.3

Glucose 0

Propionate 1.0

Propylene 0.8

Same units as above.

This is the sole organism in our extensive collection that utilizes

propionic acid via a C2+C1 cleavage. All of the others have the methyl

malonic acid pathway. The results suggest that axenic cultures that grow

with propylene as sole substrate may have unusual metabolic pathways for

utilization of 3-carbon compounds.



d . Thle rmophIii c assoc i at ions. A st udy of hvd roca rhton tit I I izait I oin by

thermophi 1ic organisms wits initi ated several yea rs ago. A number of

organ isins have been i sol1at ed tin axen ic cultt ure and charac terized I rom at

physiological standpoint . The orlgina I wori was done with soilIs from Core

Creek, Newport River, Hogue Inlet and at receiving areau for heated efflument

in Allentown, Pennsylvania. Since most oif thle soil and water samples

studiled came- fromt non-thermal environments,* we decided to examine somermaterial from hot springs.

S;oil and water samp~les were obtained from an out let stream from a hot

spring in Lower Gevser B~asin , Yellowstone Natilonal Park. Enrichment cultures

were prepared and Incubated at 600 C for 1-2 weeks and from these several

cultures were obtained. Two of these cultures, dies Ignated YS-3 and YS-4 were

interest ing because they had a marked ly limited substrate specifici ty. YS- 3

and YS-4 were able to grow at OO0 C only withl n-al kanes ort I-a Ikenes as

subst rate: dodecane t hrough v'icosane , 1-ioxadecone, I -heit adecene and

1-oct adecene . No growth wits observed at bO0 C withI alIkanies fromt methane to

tindecate , ilkenes from heptene, through pentadecene , ket ones (dode canone

through hetptadecanone) , acetone, alcohols nor saturated or unsat uratedl cycl ic

hydrocarbons. Neither YS- I or YS-4 could grow at thle expenise of acetate,

benzoic acid, pyruivic acid or any of the tr ioarboxv tic acid interniediates.

Thle organ isms would( not grow with suibstrates such as y'east extract, t ryptone.

pe'ptone, or case in hydrolysate. None, of at great number of carbohydrates would

support growth of YS-1 or YS-4. Addition of yeast extrnct to an organism

growing on a substrate, e.g. n hexadecane , did not Increvase thle rate of growth

or total ccl Is produced.

In the cours(' of Isolating YS-3 and YS-4 we observed at phenoimenon that

was directly related to our studies on cooxidat ion and commnensal ismn. Thle
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e. Cooxidation of terpenes. Terpenes are a relatively recalcitrant molecule

that occur in significant quantity in the plant world. Most are derivatives

of a cyclic hydrocarbon l-methyl-4-isopropylcyclohexane as shown:

CH3

1H

2C CH2 1 2

C H

CH

CH1  CH'1 3

Among the cyclic terpenes are limonene in lemon, orange, caraway, dill

and other oils; a-pinene, the principle component of turpentLine; and 'atipl~or,

a dicyclic ketone which occurs in the camphor tree.

We have initiated a program involved with cooxidation of terpenes as we

have found that these cyclic hydrocarbons, as with unsitbstituted cycloalkanes,

are not readily utilized by microorganisms. A species of Nocardia that can

utilize hydrocarbon substrates does cooxidize terpenes to menthol and several

other compounds as determined by gas chromatography. We have also found that

a strain of Cunninghamella elegans isolated in this laboratory and capable

of growth on a wide array of hydrocarbons including crude oil will cooxidize

p-menthane to menthol and other products. At the present the intermediates,

other than menthol, resulting from these cooxidations are being analyzed.

After determining structures we will employ enrichment culture techniques to

determine which of these products of cooxidation is more amenable to biode-

gradation than the parent molecule.
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f . Polychlorinated biplienyls (PCB). PCB's have been manufactured since

1929 and between the years 1948 and 1973 over 400,000 tons were produce in

the United States. This PCB was manufactured exclusively by Monsanto Chemical

Company and represents about 1/2 the world-wide production for that period.

The general formula for PCB Is:

N ALx - ca rb on at om where
f chlorine or hydrogen

may be substituted
W X

There are 210 possible combinations of clior ine and hydrogen on hi phenvi

but about 102 actually exist assuming that there art, 5 to 8 chlorines per

molecule. The physical properties of PCB's, e.g. thermal stability, resistance

to acid/base, inertness, have made them an Important inditstrial chemical. They

have been widely used In capacitors, as plasticiz.ers, hydraulic fluids, adhiesives,

printing products, etc.

The process of manufacture and careless utse of P'CBs has resulted in

signi ficant amount-, of these chemicals acumu hat lug in relative ly small areas.

General Electric manufactured PCB containing capacitors in the upper reaches

of the Hudson River for over 25 years and durtig this time period duimped 1,300

tons of PCB which now contaminates the Hudson River Basin. A significant part

of this PCB (690 tons) is present in landfills, duimps and dredge spoils. P11

was unfortunately dumped along 211 miles of North Ca1rol ma roads by an

irresponsible New York firm and amounts to an ost imat ed 40,000 cuict vard; tt

PCB contaminated soll This material will probaib Iv ai1so, be placed in a landfill.

These are two examples of many that could be cited where significant amounts

of PCB contaminants are confined within a rather limited area.

The permanent and most satisfactory solution to suich environmental

contamination problems by toxic materials is total mineralization or biode-

gradation of the contaminant. Another major example would he the kepone waste
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in the Hopewell, Virginia, area. The U.S. government often must get rid of

obsolete war material, gases, etc., and the most satisfactory disposal of these

would be via mineralization and under proper circumstances microbes may well be

employed to accomplish this task.

We know that some man made compounds, such as DDT, have an exceedingly

long half life in soil. This persistence decreases significantly under selected

circumstances and in the presence of a plentiful supply of nutrient with an

accompanying wide array of microbial metabolic types, as in sewer sludge, the

half life of DDT is markedly shortened. I have theorized that one may augment

the biodegradation of a recalcitrant molecule, present in soil, by bringing

about an increase in the number of organisms present in that soil that have

a metabolic capacity requisite for converting the recalcitrant compound to

one more amenable to biodegradation. An example would be the increased

biodegradation of cyclohexane, by a combination of organisms, when an inducer

of molecular oxygenase (n-hexadecane) is added.

With the knowledge that dalapon (2,2 dichloropropionic acid) biodegradation

occurs more rapidly with repeated soil application, we considered that adding

this compound to soil must result either in an increased number of organisms

capable of dehalogenation or the level of dehalogenases in the resident

population is markedly stimulated. If so, it would follow that adding dalapon

or another chlorinated compound with a rather short half life in soil, lindane

(1,2,3,4,5,6 hexachlorocyclohexane), to a soil containing recalcitrant

chlorinated compounds would result in a more rapid dehalogenation and conse-

quently mineralization of the recalcitrant compound.

We obtained a series of rich soils from a number of locales and they

were mixed to increase the variety of organisms present. IAndane was added

to some of the mixed soil and dalapon to other samples of the soil. After
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incubation at room temperature for 3-5 days, radiolabelled [U 14C-]4,4' dichloro

biphenvi was added to the soil and the evolution of 14C-CO2 was monitored for

21 days. A significant amount of radiolabelled CO2 (3-4% of the total added)

evolved from the soil PCB mixture when lindane was present. No measurable

amount of radiolabel was released in control soils without added lindane.

14The soil-PCB combination above that yielded C-CO was extracted with
2

butanol after acidification to determine whether cooxidation products other

than CO2 were present. Thin layer chromatography of the concentrated butanol

indicated that a number of metabolites were formed. This would suggest that

under selected cooxidation conditions PCB may well be biodegraded. Since the

4,4'-PCB is not as recalcitrant as those containing more chlorine atoms, a

considerable amount of work must be done before the process can be completely

evaluated.

g. Enzymes. Many of the enzymes involved in cooxidation type reactions

are inducible and present in the microbe only in the presence of a specific

substance that will cause induction of the enzyme synthesis. Mixed function

oxidases, dioxygenases, amine dehydrogenases, dehalogenases and many other

biodegradative enzymes are rarely constitutive and as a consequence would

not be effective in biodegradation in the absence of an inducer. These

enzymes are generally not specific and when present will convert an array

of substrates requiring only that the substrate get in close proximity to

the enzyme in the microbial membrane. The constant dissolution of microbial

cells in natural environments leads to the wide spread occurrence of many of

these enzymes in a cell-free state but bound to soil particles. However,

for a significant system of cooxidation and commensalism to operate it would

require that an actively growing cell would convert substantial amounts of

cosubstrate to provide nutrient for other soil microbes. We examined three
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inducible enzyme systems in soil organisms and a brief description of them

are as follows:

(1) Amine deI'dlic~~c-te organ ism studi'd , I'u~~u.~ptid.1, I,

common soil1 organism di st ingtil shed by an exceed ingt brad usr

specificity and the capacity to uitilize Many arornati IcSubst rates. 'The

enzyme (amine dehydrogenase) is inducible and was i solated rom the or-ganism

tollowing growth on benzv 1Amine. The subst rate speivof ittv ot tile amine

dehyd rogenase was independent of the amine ut ilired fo'r gr-owth. When c-ell-

free extracts of organisms grown on benivl1amine tie -propiv iamine or ni-butyviamine

were subjected to polvacrvlamide gel electrophoresis. a single band of

enzymatic activity was det ected in an equivalent position tit eachl gel.* thuis

Indicating that an enzyme of broad sl'eoifititv was Involved in de..minat ion

of these suibstrates. When purified to homogenety it was fouind that

cvtochrome c or an equivalent art ificial electronaccp1o WAS 1r~kt1'qr

for amine dehydrogenase actilvi ty. This would suigges"t thlat the 141zymVe

woul~d be effective only in intact cells and would probably not be effectve

as a free enzyme in soil.

(2) Dioxygenase - The enzyme protocatechuate -1,4 dioxygenase. which

catalyzes the conversion of protoicatechunte to i -earboxyl-ois. c is-mticontc

acid was purlified to homogeneity from the common fret, living it triogen-fi1xing

organism Azotobacter vineland ii. The enzyme had act lvi tv with a number of

substrates Including: pyrogal tl, 3-methlcat echol itnd 4-methv 1 catechol.

The substrate specificity and stability of the en~vmte suggest that would he

an effective enzyme in cooxidative conversions.

(3) Alcohol dehyd rogenase - The alcohol dohydrogenaste for seondar'v

alcohol, e.g. cyclohexanol. was isolated from a Nocardita spec ies. The

enzyme has a specificity for secondary alcohols buit withouit that gro'up the

ensyme displayed a broad specificity oxidizing straight chin coimpouinds,
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cycloalkanals and the cyclic diols. This enzyme would be a prime candidate

for cooxidative conversions.



19

Il , I'lI KI. SIII.'i PAPERS ANI) AI STRUITS FROM TIS IAIItW.IA\ORY 1I)R I N(: T1i11 (RANT IVIRI OI

Perr\y, J. .1. 1)976. Ftftcts on microorganisms, p. :')-2t'' (Chapter 8) -

Interactions and effects on total environment. In Vaporphase Organic
Pollutants. Volatile Hydrocarbons and Oxidation Products. Nat ional
Research Council, Washington, D.C.

Cerniglia, C. F., W. T. Blevins and J. J. Perry. 117t). Microbial
oxidation and assimilation of propylene. Appl. Environ. Microbiol.
32:764-768.

Merkel, G. J. and J. J. Perry. 1977. Relationship between heat sensitivity
and the lipid composition of thermophilic bacteria. Abst. Annu. Meet.
Amer. Soc. Microbiol. p. 365.

Durham, D. R. and J. J. Perry. 1977. Characterization of an inducible
amine dehydrogenase from Pseudomonas put tda. Abat. Annu. Meet. Amer.
Soc. Microbiol. p. 177.

Merkel. C. J. and J. J. Perry. 1977. Increased co-oxidative biodegradation
of malathion in soil via co-substrate enrichment. .1. Agricul. Food
Chem. 25:1011-1012.

Merkel, G. J. and J. J. Perry. 1977. The effect of growth substrate on
thermal death of thermophilic bacteria. Appl. Environ. Microb'iol.
34:626-629.

Perry, J. J. 1Q77. Microbial metabolism of cyclic hydrocarbons and related
compounds. Critical Reviews in Microbiology 5:387-412.

Merkel, C. J., W. H. Underwood and J. J. Perry. 1978. Isolation of
thermophilic bacteria capable of growth solely on long-chain hydro-
carbons. FFMS Microbiol. Letters 3:81-83.

Durham, D. R. and J. J. Perry. 1978. The amine dehydrogenase in
Pseudomonas putida NP and its role in the metabolism of benzylamine.
J. Gen. Microbiol. 105:39-44.

Durham, D. R. and J. J. Perry. 1978. Purification and characterization
of a heme-containing amine dehydrogenase from P-s-etdononas putida
NP. J. Bacteriol. 134:837-843.

Merkel, C. J., D. R. Durham and J. J. Perry. 1978. ('lassification of
gran-negative thermophilic bacteria based on the amino acid composttion
of the peptidoglycan. Abst. Annu. Meet. Amer. Soc. Microbiol. p. 8Q.

Perry, J. J. 1978. Co-oxidative processes in the bio-degradation of
petroleum refinery effluent. American Institute of Chemical Engineers
(Abst.) June 4-8, 1478. p. T-83.

Perry, J. J. 1978. Microbial metabolism of cycloalkanes. p. 45-50. In
The Role of Microorganisms in the Recovery of Oil. 1976 Engineering
Foundation Conferences. Published by the National Science Foundation
(RANN). NSF/RA-770201.L -j



20

Durham, D. R. and J. .. Perry. 1978. The amine dehydrogenase of
Pseudomonas put i (fa: properties of the heme-prosthetic group.
J. Bacteriol. 135:981-986.

Merkel, C. J., S. S. Stapleton and J. J. Perry. 1978. Isolation and
peptidoglycan of gram-negative hydrocarbon-utilizing thermophilic
bacteria. J. Gen. Microbiol. 109:187-194.

Stirling, L. A., D. R. Durham and J. J. Perry. 1979. Properties of
protocatechuate 3,4 dioxygenase purified from Azotobacter vinelandii.
Abst. Annu. Meet. Amer. Soc. Microbiol. p. 151.

Perry, J. J. 1979. Microbial cooxidations involving hydrocarbons.
Microbiological Reviews 43:59-72.

Stirling, L. A. and J. J. Perry. 1980. Purification and properties of an
NAD-linked cyclohexanol dehydrogenase from a Nocardia species growing
on cyclohexane. Abst. Annu. Meet. Amer. Soc. Microbiol.(accepted).

Perry, J. J. 1980. Oil in the biosphere, p. 200. In (F. E. Guthrle
and J. J. Perry, ed.) Introduction to Environmental Toxicology.
Elsevier - North Holland, New York.

Merkel, G. J., D. R. Durham and J. J. Perry. 1980. A typical cell wall
composition of Thermomicrobium roseum. Can. J. Microbiol. 26:(in press).

Merkel, G. J. and J. J. Perry. 1980. Phospholipid composition and heat
sensitivity in a thermophilic bacterium. Biochim. Biophys. Acta
(accepted).

Guthrie, F. E. and J. J. Perry. 1980. Editors, Introduction to Environmental
Toxicology. Elsevier - North Holland, New York (in press).

Perry, J. J. 1980. Propane utilization by microorganisms. In (D. Perlman,
ed.) Advances in Applied Microbiology. Academic Press, N.Y. (accepted).

Durham, D. R., L. A. Stirling, L. N. Ornston and J. J. Perry. 1980.
Intergeneric evolutionary homology revealed by the study of
protocatechuate 3,4 dioxygenase from Azotobacter vinelandii.
Biochemistry 19 No. 2 (Jan. 22, 1980 issue).

Stirling, L. A. and J. J. Perry. 1980. Purification and properties of a
pyridine linked cyclohexanol dehydrogenase from Nocardia. J. Bacteriol.
(submitted).



21

IV. PERSONNEL SUPPORTED ON THIS PROJECT

William H. Underwood was a research-technician from January through

June 1977. He received an M.S. degree and Is now employed by Burroughs

Wellcome Company in Greenville, North Carolina.

Dr. Lynne A. Stirling was a postdoctoral student from October 1, 1977,

to September 30. 1979. She is now a Research Scientist at the Papanicolaou

Cancer Research Institute in Miamia, Florida.


